Background: Long-term consequences of playing professional football and hockey on brain function and structural neuronal integrity are unknown. Objectives: To investigate multimodal metabolic and structural brain magnetic resonance imaging (MRI) differences in retired professional contact sport athletes compared with noncontact sport athletes. Methods: Twenty-one male contact sport athletes and 21 age-matched noncontact sport athletes were scanned on a 3 tesla (3T) MRI using a multimodal imaging approach. The MRI outcomes included presence, number, and volume of focal white matter signal abnormalities, volumes of global and regional tissue-specific brain structures, diffusion-tensor imaging tract-based spatial statistics measures of mean diffusivity and fractional anisotropy, quantitative susceptibility mapping of deep gray matter, presence, number, and volume of cerebral microbleeds, MR spectroscopy N-acetyl-aspartate, glutamate, and glutamine concentrations relative to creatine and phosphor creatine of the corpus callosum, and perfusion-weighted imaging mean transit time, cerebral blood flow, and cerebral blood volume outcomes. Subjects were also classified as having mild cognitive impairment. Results: No significant differences were found for structural or functional MRI measures between contact sport athletes and noncontact sport athletes. Conclusions: This multimodal imaging study did not show any microstructural, metabolic brain tissue injury differences in retired contact versus non-contact sport athletes. (Drs Zivadinov, Polak, Schweser, Bergsland, Hagemeier, Dwyer, and Ramasamy), MR Imaging Clinical and Translational Research Center (Drs Zivadinov and Schweser) Sanofi-Genzyme, Novartis, Claret Medical, and Coherus-Intekrin. functional and structural brain alterations in previously healthy individuals.
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there is some microscopic and macroscopic localized brain injury in different brain structures that may be associated with cognitive decline, characterized by impairment in memory, executive function, mood and behavior, among others.
While a majority of these studies showed some evidence of chronic brain injury in retired contact sport athletes, [4] [5] [6] [7] [9] [10] [11] [12] [13] [14] [15] [16] [17] a number of them also showed no prominent clinical, functional, or structural signs of chronic brain damage in these players. 7, 8, 10, [18] [19] [20] Moreover, most of these studies [4] [5] [6] [7] [8] [9] [10] [11] [15] [16] [17] [18] were based on a small sample of subjects, used only players who had a history of concussions, did not correct for multiple comparisons, and compared retired contact sport athletes with age-and sex-matched healthy individuals, and not to noncontact sport athletes, which could have contributed to an important bias when comparing athlete to nonathlete groups. In addition, only a few studies used multimodal imaging approaches to determine the extent of metabolic and structural chronic brain damage. 17, [21] [22] [23] [24] Based on this background, the aim of this study was to apply a multimodal metabolic and structural imaging approach to investigate brain tissue injury by using different conventional and non-conventional magnetic resonance imaging (MRI) techniques, in an attempt to better understand the possible long-term consequences of professional football and ice hockey playing. In particular, we chose to compare contact athletes with noncontact athletes, to examine the continuing effect of sport activities on long-term imaging and cognitive outcomes over the long-term.
MATERIAL AND METHODS

Participants
This multimodal MRI substudy was completed as part of a larger research project of retired athletes at the University at Buffalo, which has been described in detail in the Willer et al 25 overall description of the study, accompanying this article.
Ethical approval was obtained prior to the study from the local institutional review board committee.
MRI acquisition
All scans were acquired on a 3T GE Signa Excite HD 12.0 Twin Speed 8-channel scanner (General Electric, Milwaukee, Wisconsin). The following sequences were acquired: proton-density/T2-weighted image (PD/T2-WI); fluid-attenuated inversion recovery (FLAIR); 3D high-resolution (HIRES) T1-WI using a fast spoiled gradient echo (FSPGR) with magnetization-prepared inversion recovery (IR) pulse (3D HIRES), diffusion-weighted imaging (DWI), susceptibility-weighted imaging (SWI), magnetic resonance spectroscopy (MRS), and perfusionweighted imaging (PWI).
Conventional scans were prescribed in an axialoblique orientation, parallel to the subcallosal line, and one average was used for all acquisitions. Conventional sequences were acquired with a 256 × 192 matrix (frequency × phase) and field-of-view (FOV) of 25.6 cm × 19.2 cm for an in-plane resolution of 1 mm × 1 mm. For the PD/T2 and FLAIR scans, 48 slices were collected, thickness of 3 mm, no gap between slices. For the 3D HIRES, 184 locations were acquired with a slab of 18.4 cm, providing for 1-mm isotropic resolution. Other relevant parameters were as follows: for dual fast spinecho PD/T2, echo and repetition times (TE and TR) TE1/TE2/TR = 9/98/5300 ms, flip angle (FLIP) = 90 o , echo train length (ETL) = 14; for FLAIR, TE/inversion time (TI)/TR = 120/2100/8500 ms (inversion time, TI), FLIP = 90 o , ETL = 24; for 3D HIRES, TE/TI/TR = 2.8/900/5.9 ms, FLIP = 10 o . The DWI sequence was a 2D spin-echo, echo planar imaging (EPI), axial sequence, with the following sequence parameters: TE/TR = 92.8/7000 ms, FOV of 25.6 cm × 25.6 cm, number of averages: 2, 27 slices, thickness of 4 mm, slices acquired with a 0.5-mm gap between slices. The acquisition matrix was 128 × 128, frequency encoding in the right/left direction. A parallel imaging factor of 2 was applied. Diffusion parameters were -1 b = 0 s/mm 2 image, and 39 diffusion directions with b = 900 s/mm 2 . A dual-echo gradient-echo B0 field map was also acquired in order to correct for EPI distortions in the diffusion-tensor imaging (DTI) sequence (TE1/TE2/TR = 5.0/9.8/34 ms, FOV of 25.6 cm × 25.6 cm, 64 × 64 acquisition matrix, 64 slices with a voxel volume of 2 × 2 × 2 mm 3 ). Data for SWI and quantitative susceptibility mapping (QSM) were acquired using an unaccelerated 3D singleecho spoiled GRE sequence with first-order flow compensation in read and slice directions, a matrix of 512 × 192 × 64 and a nominal resolution of 0.5 × 1 × 2 mm
• , TE/TR = 22 ms/40 ms, bandwidth = 13.89 kHz. 26, 27 A point-resolved spectroscopy sequence (PRESS)-based single-voxel spectroscopy with TR/TR = 35/3000 ms, bandwidth 5.0 kHz, was also acquired. The voxel was prescribed axially, with a slice thickness of 18.7 mm, centered superior to the ventricles, angulated parallel to the callosal line, and positioned with the bottom edge of the voxel at the intersection of the corpus callosum and the fornix, and the anterior edge of the voxel aligned with the anterior tip of the genu. The voxel was adjusted for each subject, having an average of 75 mm left to right, and 100 mm anterior to posterior.
Dynamic susceptibility contrast-enhanced PWI was acquired during and after injection of gadobutrol (0.1 mmol/kg) with an MRI-compatible power injector at a speed of 2 mL/s. A single-shot gradientecho EPI was used with the following parameters: 
MRI analyses
Image analysts were blinded to the subjects' demographic, clinical characteristics, and group status.
White matter signal abnormalities
Identification of white matter signal abnormalities (WM-SAs) was done using a semiautomated edge-detection contouring/thresholding technique on T2/PD/FLAIR images.
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Global and regional brain atrophy measures
Volumetric measures were determined on the 3D HIRES that were modified by using an inhouse developed inpainting technique to avoid tissue misclassification. 27 Structural Image Evaluation using Normalisation of Atrophy Cross-sectional (SIENAX) version 2.6 (FMRIB, Oxford, UK) 28 was used to obtain normalized brain volume (NBV), gray matter (GM) volume (NGMV), WM volume (NWMV), cortical volume (NCV), and lateral ventricle volume (NLVV).
FMRIB's Integrated Registration and Segmentation Tool (FIRST) on the 3D HIRES was used to calculate volume of the deep GM. 29 The following structures were segmented: total deep GM, thalamus, caudate, putamen, globus pallidus, hippocampus, amygdala, and accumbens.
DTI measures
B0 field maps were created with the use of MATLAB (MATLAB, Natick, Massachusetts) in-house scripts. DTI analysis was performed using the tools from the FSL software package (http://www.fmrib.ox.ac.uk/fsl). Initially, DWI data were checked for adequate signal-to-noise and motion artifacts-poor-quality data were eliminated from further processing. After eddy-current correction and brain extraction, the B0 field maps were linearly registered to b = 0 s/mm 2 image and were applied to the DWI images to reduce distortion inherent in EPIs. 30 A fully automated processing pipeline was used to calculate mean diffusivity (MD) and fractional anisotropy (FA) for WM-SA volume, SIENAX, and FIRST global and regional segmented structures. In addition, voxelwise intergroup statistical analysis of the DTI data was carried out using tract-based-spatial statistics (TBSS).
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Cerebral microbleeds
The cerebral microbleed (CMB) number analysis was performed on SWI minimum-intensity projection images and susceptibility maps, as previously reported 27 using the Microbleed Anatomical Rating Scale. 32 The CMB volume was calculated on susceptibility maps using a semiautomated edge-detection contouring/ thresholding technique.
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Quantitative susceptibility mapping
Magnitude and phase GRE images were reconstructed offline using sum-of-squares and scalar phase matching, 33 respectively. In-plane distortions due to imaging gradient nonlinearity were compensated. Phase images were unwrapped with a best-path algorithm, 34 background field corrected with V-SHARP 35 (radius 5mm; TSVD threshold 0.05), and converted to magnetic susceptibility maps using the HEIDI algorithm. 36 Magnetic susceptibility was referenced (0 ppb) to the average susceptibility of the brain.
MR spectroscopy measures
LCModel (version 6.3, Stephen Provencher, Oakville, Canada) 37, 38 was used to process the single-voxel spectroscopy data in the intersection of the corpus callosum and the fornix, and the anterior edge of the voxel aligned with the anterior tip of the genu, based on the relative concentrations of N-acetylaspartate (NAA), glutamate (Glu), and glutamine (Gln), relative to the concentration of creatine (Cr) and phosphor creatine (PCr).
PWI measures
Calculation of perfusion cerebral blood flow (CBF), blood volume (CBV), and mean transit time (MTT) within areas of WM-SA, SIENAX, and FIRST global and regional segmented structures was performed as previously described. 39 Briefly, we used the Java Image Manipulation software package (Xinapse Systems, Thorpe Waterville, UK) with automated method for arterial input function detection (searching 500 "artery-like" candidate voxels and retaining the 40 best fitting voxels) and singular value decomposition (cutoff at 20% of maximum singular value) for perfusion curve fitting. 40 CBF, CBV, and MTT values were relative, based on estimated tissue relaxivity and hematocrit parameters (arterial relaxivity 1.0, L/s/mol, tissue relaxivity 1.0 L/s/mol, arterial hematocrit 0.45, tissue hematocrit 0.45).
Statistical analysis
All data analyses were performed using SPSS version 23.0 (IBM, Armonk, New York). MRI differences between the study groups were assessed using the analysis of covariance (ANCOVA), adjusted for age, body mass index, and education. Effect size estimates were calculated using Cohen's d and Cramer's V; 95%
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confidence intervals (CIs) are reported for the mean group difference.
A nominal P value of <.05 was considered statistically significant using 2-tailed tests.
RESULTS
A total of 21 contact sport athletes and 21 noncontact sport athletes participated in the MRI portion of the study. Table 1 shows that 12 (57.1%) of contact sport athletes and 11 (52.4%) of noncontact controls presented with WM-SAs. There were no significant differences between contact sport athletes and non-contact controls for the total number and volume of WM-SAs. Table 1 also shows global and regional brain volume outcomes in both groups of athletes. There were no significant differences between the study groups in global or regional brain volume measures. Table 2 shows DTI MD and FA values in WM-SAs, global and regional GM, and WM brain structures between contact sport athletes and noncontact athlete controls. There were no significant differences between the study groups in DTI measures.
Focal WM-SA outcomes
Global and regional brain volume outcomes
DTI outcomes
No significant differences in TBSS-DTI outcomes were detected between contact sport athletes and noncontact controls. Table 3 shows QSM values in deep GM structures between contact sport athletes and noncontact controls. There were no significant differences between the study groups in QSM measures.
QSM outcomes
Cerebral microbleeds
No significant differences were found for various CMB outcomes between contact sport athletes and noncontact controls. However, more noncontact athlete controls (7, 33%), compared with contact sport athletes (2, 9.5%) presented with at least 1 CMB (P = .067), although this was not significant. The CMB number (0.6 vs 0.3, 95% CI = −0.5 to 0.9, d = 0.20, P = .542) Copyright © 2018 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.
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, 95% CI = −0.7 to 18.6, d = 0.58, P = .077) were also somewhat higher in noncontact athletes compared with the contact sport athletes.
MR spectroscopy outcomes
No significant differences in the concentration of the NAA/CrPCr (d = 0.41, 95% CI = −0.516 to 0.105, P = .119), Glu/CrPCr (d = 0.49, 95% CI = −0.044 to 0.332, P = 0.129) or Gln/CrPCr (d = 0.58, 95% CI = −0.049 to 0.624, P = .093) were found between contact sport athletes and noncontact controls. Table 4 shows PWI MTT, CBF, and CBV values in WM-SAs, global and regional GM, and WM brain structures between contact sport athletes and noncontact controls. There were no significant differences between the study groups in PWI measures.
PWI outcomes
DISCUSSION
In this multimodal imaging study between retired contact sport professional athletes and noncontact sport, currently exercising controls, we did not find any metabolic, functional, or structural differences on brain MRI using a range of advanced conventional and nonconventional imaging techniques. Similar findings were obtained when mild cognitive impairment-contact sport athletes were compared with the mild cognitive impairment-non-contact controls.
Although the long-term consequences of sportrelated head injuries have received much attention, 1, 2, 41 many questions remain to be elucidated. For example, Tremblay et al 17 found that retired athletes with a history of concussions exhibited widespread damage along many major association, interhemispheric, and projection tracts, using TBSS-DTI analysis, which were associated with cognitive symptoms. On the contrary, another DTI study found no difference between clinically normal retired sport athletes with a history of concussions and matched controls. 10 Yet, other studies reported that the majority of retired players had normal cognitive status and that DTI abnormalities were more pronounced only in those players who reported a higher number of concussions. 8, 19 In the present study, we examined global and tissue-specific GM and WM structures, including WM-SAs, by standard and voxelwise DTI analyses and found no evidence of more advanced microstructural damage in contact sport athletes compared with noncontact controls, in any of the examined regions.
Previous studies reported cortical thinning, 42 cavum septi pellucidi, 43 or shrinkage of deep GM volume structures, 7 as prominent signs of brain atrophy in retired contact sport athletes compared with controls. We investigated cortical and deep GM, as well as WM and central signs of brain atrophy in the current study, and detected no evidence of more advanced brain volume loss in contact sport athletes compared with noncontact athlete controls. In addition, we found no difference between the 2 groups in presence, number, and volume of WM-SAs, indicating that there was no more focal lesion burden, due to contact sport playing, in contact sport athletes. This is one of the first studies to examine the effect of contact sport playing on QSM, a new imaging technique that measures subtle changes of the magnetic susceptibility of tissue and that is regarded as one of the most sensitive techniques for studying tissue iron in vivo. 35, 36 We hypothesized that repetitive subconcussive events would lead to increased iron deposition in deep GM structures, due to a higher degree of neurodegeneration.
To the best of our knowledge, only one previous study used SWI to determine an association between number of concussions and altered SWI measures in 45 retired former players. 8, 19 It found that 4 (9%) of the athletes presented with CMBs on SWI. In the present study, we used SWI and QSM to investigate number and volume of CMBs between contact sport athletes and noncontact sport controls, and to determine whether there are susceptibility differences in deep GM structures between the 2 groups. Because CMBs have been associated with mTBI in subjects with subconcussive and concussive injury, 44 we hypothesized that athletes would have a higher frequency of CMBs. Surprisingly, the findings showed that 33% of the noncontact athlete controls and only 9.5% of the contact sport athletes had CMBs, and the number and volume of CMBs were also slightly higher in the noncontact sport athletes. Contrary to our hypothesis, there were no differences between the 2 groups in deposited iron in the deep GM structures, as measured by QSM.
While a number of previous studies used MR spectroscopy to study the effect of concussion in contact sport athletes, 1 only one used MR spectroscopy to investigate changes in retired sport athletes with a history of concussion. 24 It revealed various neurometabolic anomalies across studied regions of interest. In the present study, we used a single-voxel spectroscopy sequence that examined a large region of interest above the lateral ventricles and found no differences in the concentrations of metabolites of cellular integrity and neurotransmission between contact sport athletes and noncontact athletes.
One recent study, using PWI, found reduced CBF in former football players with cognitive impairment compared with matched healthy controls. 10 Another study, using single-photon emission computed tomography, compared retired and current NFL players and healthy controls, and found that hypoperfusion in the orbital frontal, anterior cingulate, anterior temporal, hippocampal, amygdala, insular, caudate, superior/mid occipital, and cerebellar subregions separated NFL players from controls with 90% sensitivity, 86% specificity, and 94% accuracy. 45 We obtained MTT, CBF, and CBV PWI measures in contact sport athletes and noncontact athletes, examining global and tissue-specific GM and WM structures, and detected no differences between the groups.
There are a number of limitations of this study that are discussed in more detail in Willer et al, accompanying this article. The number of contact sport athletes and noncontact athlete controls was too small to detect differences between brain MRI measures we examined in this study, but the effect sizes and 95% CI that were provided should help the reader to interpret better the magnitude of the differences between the study
